A prototype of a steerable six-legged hopping robot for exploring low-gravity environments was designed, built, and tested. A 35 cm vertical hop was achieved, motorized steering of all six legs was demonstrated over a 40-degree range, and angled hopping was performed at a fixed 60-degree angle. Gyro stabilization was demonstrated through a hopping simulation of a modeled hopping robot with a controllable flywheel in lunar gravity.
INTRODUCTION
The next phases of human space exploration call for a return to the moon, with future possibilities of a permanent presence on the lunar surface. There will be a need for exploration, reconnaissance of new territory for lunar base development, and the potential utilization of lunar resources. Much of this work will need to be first done with robotic explorers, both teleoperated, as well as autonomous.
The lunar surface brings many challenges to any type of exploration vehicle. Exploration will take these vehicles though both the lunar maria and highlands. The maria, consisting of 17% of the lunar surface, contains a more gentle topography with various features such as craters, ridges, domes, and lava tubes. 2 The highlands, consisting of 83% of the lunar surface, are densely cratered, and will pose the most challenges during exploration. In the rough highlands, slopes of 1 m length average up to 34°, while slopes of 50 m length average up to 18°. 9 Current proposals for planetary and lunar exploration vehicles typically utilize wheeled, legged, or a combination of wheeled and legged transportation. Examples of wheeled rovers using rocker-bogey suspension are the Mars Exploration Rovers 7 , currently on Mars, and Mars Science Laboratory, which is due to launch in 2009. ATHLETE is an example of a six-legged robot with wheels being proposed for future lunar missions.
14 Limitations of these vehicles are their ability to only traverse obstacles up to their suspension capability, which is up to 1.5 times the wheel height for a rocker-bogie suspension, or the leg length for a legged vehicle. Hopping robots have been explored as a means of traversing difficult terrain in low-gravity environments, having the ability to overcome small obstacles, such as rocks, crevices, and craters, without having to spend the time and energy to navigate around them. Hopping has also been investigated for use in conjunction with other exploration systems, such as in a launchable and retrievable exploration system. 16 A survey of various hopping robots and hopping mechanisms was performed and is summarized in Table 1 and Figure 1 . Many of the hopping robots in technology have utilized either pneumatic, combustion, or mechanical systems to exert a hopping force. The Leg-in-Rotor-III 12 and Tokyo Institute of Technology's hopping leg 6 use pneumatic cylinders. Limitations of pneumatics are that they require a continuous gas supply and compressor. The Sandia Hopper uses a combustion piston and requires fuel and oxidizer supplies. 3 An internal torquer used in MINERVA 15 , and actuated links used in PROP-F 5 and Nanorover 13 provide small hops, but were developed for micro-gravitational environments. , and MIT's Microbot 1 concept use spring-loaded mechanisms to actuate a foot to hop. Due to limited resources, the absence of atmosphere, and the particular gravitational environment of the moon, these spring-based techniques are more practical. With the exception of the 3D Bow Legged Hopper, the hopping robots described land on their body and require crash shells and special protection to absorb the impact, which limits their ability to perform significant hops that call for high impact landing, as well as carry sensitive equipment. 
METHODOLOGY
The 3D Bow Leg Hopper by Carnegie Mellon 17 demonstrated that fiberglass springs are a high-efficiency approach for hopping. However, simply using the single spring as a leg limited the robot's stability and required constant control to remain balanced. The hopping robot proposed here has six legs consisting of structural links with integrated springs to store hopping and landing energy, which are compressed using a motorized spool, as shown in Figure 2 . Six legs were chosen for added stability and reduction of the forces needed to be transmitted during hopping and landing. In addition, an internal gyro is designed into the base of the robot to provide stabilization and reduce the effects of disturbances and uneven force distribution between hopping and landing. The fiberglass springs are attached to the upper and lower shafts of the legs with hinges. Figure 3 shows the forcedisplacement curve of one 0.5" wide x 0.085" thick x 10" long fiberglass spring, along with the current range used when loading the legs. These measurements were acquired through attaching a single fiberglass spring to a linear rail and vertically compressing the spring onto a scale. Six of these springs can store up to 33 J of energy. Various springs of different cross-sections may be switched out in the legs, allowing modifications of leg performance as desired. To ensure that all the legs push off and land in the same direction, timing belt pulley drives are attached to the leg links, restricting the leg extension to a linear motion. A cable is attached to the end of each leg, run up the centerline of the leg, and towards a centralized spool. The spool is driven by a motor with a harmonic drive and can load the spring legs to any desired amount, allowing the robot to hop various distances and heights (see Figure 4 and Figure 5 ). An encoder located on the shaft above the spool can indicate how much the legs have been compressed. When the robot is ready to hop, an electromagnetic clutch disengages the motor from the spool, allowing the spring-loaded legs to release simultaneously. When the robot lands, the springs in the legs compress to absorb the fall. As the legs retract, a constant force spring motor attached to the upper portion of the spool winds up the leg cables to keep them taught. A unidirectional clutch in line with the spool and motor drive allows the spool to quickly overrun the motor when winding up the cable, but locks when the legs try to pull the cable back out. This prevents the robot from bouncing after landing and allows the spring legs to store the energy from the landing and use it for the next hop if desired.
To give the robot the ability to hop and land at different angles, a two-degree of freedom steering mechanism was designed that allows all six legs to be simultaneously pointed using only two motors. The mechanism consists of two hexagonal frames, both attached to each of the six legs by a pin joint and yoke, as shown in Figure 6 . Two of the pin joints on the lower hexagon are used to control the entire mechanism. The two motor actuators angled 120° apart containing worm drives provide a high amount of torque to steer the legs, while at the same time are non-backdrivable, providing stability of the robot's leg orientation during hopping and landing. Figure 7 shows the steering mechanism aiming the legs of the robot at various angles. The current configuration allows up to a 40-degree tilt in any direction. 
RESULTS

Hopping Robot
A mechanical prototype for the hopping robot was built and assembled (see Figure 9 ). The main structure of the robot was constructed from aluminum 6061-T6. The shell and feet were SLS rapid prototyped nylon-based Duraform PA. Four actuators were used in the system: one spring actuator, two steering actuators, and one gyroscope actuator. The various mechanisms are pointed out in Figure 10 and Figure 11 . Testing of the spring actuator, steering actuators, and gyro showed successful operation of these elements in the design. A top view of the robot (Figure 12 ) shows the layout of the hex frames that control the legs. The steering mechanism was tested using one of the steering actuators to move the legs from side to side (see Figure 13) . Hopping was performed at a vertical angle on both hard and soft surfaces, as well as at a 30° angle ( Figure 14 , Figure 15 , and Figure  16 ). Hopping tests were performed with the steering frame locked with brackets to ensure correct hopping angles, and the gyro and steering motors were not mounted. Each line in the background measures 10 cm. A hopping height of approximately 35 cm was achieved during the vertical hopping test. Angled at 30°, the robot hopped 30 cm high and a distance of 50 cm. Hopping on sand proved successful with similar results. The weight of the robot during the hopping test measured 4.34 kg. For a 35 cm hop, 15 J of energy was obtained.
Assuming an estimated 33 J of energy was stored in the springs for the hop, 45% efficiency was achieved. It is believed that losses occurred through friction in the leg joints, slight compression of the ground surface, transmission of spring energy into inertial energy of the legs rotating in, and friction between the uncoiling processes of the cable during release. Additionally, the possibility of some unevenness between all six legs pushing off the ground may cause some amounts of hopping energy to be lost in the air if any of the feet were not in full contact with the ground at the end of the hop.
During testing of the steering mechanism, tolerance in the steering mechanism joints allowed slight rotation between the upper and lower hexagonal frames that interfered periodically with movement. Coordinating the rotation of two opposite legs about their pin joints through a shaft or another actuator can fix this. During testing, an adjustable plate mounted to the frame was used on one leg to achieve this.
When hopping at maximum capacity, the leg cables periodically stretched or pulled free at the knotted ends due to the high forces seen during launch. The current cables are 130 lb test braided spectra fishing line. A stronger cable or knot at the end can overcome this. Fine adjustment of the line length to ensure all legs extend equally would help as well.
The timing belts chosen for the legs were Kevlar reinforced, providing high strength with minimal stretch, and provided the necessary linear leg guidance for hopping and landing. The belts slipped a tooth when high lateral loads were applied to the ends of the legs. Switching to metal belts can solve this problem. Additionally, the current motor mounted on the gyro spun the gyro to 2,000 rpm, providing a small amount of stabilization. Increasing the gyro speed or adding additional mass to the outside of ring can increase the gyro's stabilization capability.
Dynamic Simulation
A simulation of a hopping robot was designed using Open Dynamics Engine to study and test the hopping robot parameters for hopping with gyro stabilization. The hopper simulation allowed a user to steer the robot's legs, specify a hopping force, and simulate hopping and landing in various environments. An internal gyro was modeled into the robot and proved to help stabilize the robot during hopping in simulation, allowing the robot to stay upright and land on its feet when hopping at angles. During simulation, the user had access to gyro speed, leg angles, and hopping force variables. Figure 17 and Figure 18 show a hopping simulation in lunar gravity without and with gyro stabilization. Figure 18 shows the gyro stabilizing of the robot during hopping and landing. 
CONCLUSIONS
The studies done on the hopping robot showed the capability of hopping using integrated fiberglass strips in a legs as springs to store and release energy for hopping. The design of the steering mechanism and spring actuator showed the possibility of being able to simultaneously steer all six legs of the robot and load the legs various amounts, allowing short and far hops. The simulation proved that a gyroscope could assist in stabilizing a hopping robot.
FUTURE WORK
Future efforts will focus on lightening the hopper, carrying out the modifications previously mentioned to improve performance, and adding computer control. Further work on the simulation can be done to study tethered launch and retrieval dynamics, optimize hopping and landing, and analyze gyro stabilization.
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